The human T cell leukemia virus type 1 (HTLV-1) oncoprotein Tax interacts with cellular transcription factors to facilitate viral replication in infected cells. Tax binds to the cellular transcription factor CREB and the cellular coactivator protein CBP to form a stable nucleoprotein complex on the viral enhancer elements. The formation of this complex is believed to promote strong Tax-dependent transcriptional activation of viral gene expression. In this study, we characterize a series of internal CREB deletion mutants with respect to Tax and CBP recruitment and transcriptional activation. We find that, although several of these mutants are unable to support ternary complex formation with Tax and the viral CRE DNA, they are fully competent for cooperation with Tax in CBP recruitment. Unexpectedly, CREB proteins that carry deletions in a carboxyterminal region of the KID domain, while competent for ternary and quaternary complex formation, were defective for Tax trans-activation in vivo. These studies suggest that CREB may serve more than just a "scaffolding" role in Tax trans-activation, cooperating directly with Tax (and CBP) to mediate strong transcriptional activation of the provirus. 1597 
INTRODUCTION H
UMAN T CELL LEUKEMIA VIRUS TYPE 1 (HTLV-1) is the causative agent of a rare and fatal malignancy called adult T cell leukemia (ATL). ATL is characterized by enlarged peripheral lymph nodes, skin lesions due to leukemic cell infiltration, lytic bone lesions, hypercalcemia, and renal failure. 1 Between 1 and 4% of HTLV-1-infected individuals develop ATL, and chemotherapy is almost always ineffective. Tax, a unique viral regulatory protein required for HTLV-1 replication, is strongly implicated in this HTLV-1-associated malignancy, as it has been shown to facilitate malignant transformation in cell culture and animal models. 2 The HTLV-1 transcriptional control region contains three conserved 21-base pair DNA elements through which Tax activates transcription. Each repeat possesses a core octanucleotide sequence, which resembles a cAMP responsive element (CRE). In addition, the viral CRE elements carry conserved GC-rich sequences immediately flanking the core CRE sequence. The CREs serve as binding sites for the ubiquitous cellular transcriptional activator CREB. CREB is one of several members of the CREB/ATF transcription factor family, which all share a structurally similar basic leucine zipper (bZIP) DNA-binding dimerization domain. CREB possesses a unique kinase-inducible domain (KID), located between approximately amino acids 87 and 160. Phosphorylation of Ser-133 by protein kinase A (PKA) within this domain leads to activation of transcription. 3 The coactivator CREB-binding protein (CBP) interacts with CREB after this phosphorylation event. The association of CBP with the phosphorylated form of CREB leads to strong activation of transcription. 4, 5 During Tax-dependent activation of HTLV-1 transcription, Tax forms protein-protein contacts with CREB (both phosphorylated and unphosphorylated CREB), and protein-DNA interactions with the minor groove of the GC-rich DNA sequences. [6] [7] [8] Once this complex is formed, it serves as a high-affinity binding site for the recruitment of CBP. [9] [10] [11] Specifically, Tax (and phosphorylated CREB) have been shown to interact with the KIX domain of CBP (, amino acids 588-683). [9] [10] [11] [12] In previous studies, Tax has been shown to interact with CREB and the viral CRE DNA to form a ternary complex (Tax/CREB/DNA) visible in electrophoretic mobility shift assays (EMSAs). 13 The addition of the KIX domain to the Tax/CREB/DNA ternary complex results in the formation of a more slowly migrating quaternary complex. [10] [11] [12] Interestingly, this quaternary complex forms with both full-length CREB and with a deletion mutant of CREB carrying only the bZIP domain. However, the affinity of KIX for the bZIP-containing complex, as compared with full-length CREB, is reduced significantly (10-fold). 10 Because of the dramatic reduction in the affinity of KIX for the bZIP-containing complex, we investigated the effect of various internal deletion mutants of CREB in both ternary complex formation with Tax, and quaternary complex formation with the KIX domain of CBP. We also examined the effect of the CREB deletions on Tax trans-activation function in vivo. We find, surprisingly, that detectable ternary complex formation is not a prerequisite for recruitment of CBP (KIX). In addition, several CREB mutants support Tax trans-activation in vivo, regardless of whether detectable ternary complexes are formed. However, CREB mutants carrying deletions within a region of the KID domain are strongly compromised in Tax trans-activation in vivo.
MATERIALS AND METHODS

Generation and expression of proteins
Wild-type CREB and CREB deletion mutants D121-125, D151-160, and D136-160 were provided as a gift by M. Montminy. 14 CREB deletion mutants D132-192, D57-132, and D57-192 were generated by appropriate restriction digestion followed by ligation. CREB Escherichia coli expression plasmids were transformed into BL21 pLysS, induced, and purified by boiling and heparin-agarose chromatography as previously described. 10 The HTLV-1 Tax protein was expressed in the XL1Blue strain of E. coli, and purified as previously described. Glutathione S-transferase (GST)-KIX protein (CBP amino acids 451-719) was expressed, and purified as previously described. 10 All proteins were purified to .90% homogeneity as shown by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE).
Electrophoretic mobility shift assays
Protein-DNA complexes were formed by incubation of the labeled viral CRE DNA and the indicated amount of purified CREB proteins, Tax, and/or GST-KIX. 10 Samples were analyzed on 5% nodenaturing polyacrylamide gels [49:1 (w/w), acrylamide:N,N9-methylenebisacrylamide] in a buffer containing 0.04 M Tris-HCl, 0.306 M glycine (pH 8.5), and 0.1% (v/v) Nonidet P-40. Gels were dried and quantitated by PhosphorImager analysis, processed by Adobe Photoshop, and annotated and printed from Powerpoint.
Transfection assays
The HTLV-1 promoter-luciferase plasmid, and the Tax eukaryotic expression plasmid pHTLV-I-Tax, have been previously described. 10, 15 Transient cotransfection assays were performed in F9 embryonic teratocarcinoma cells grown in high-glucose Dulbecco's modified Eagle's medium supplemented with 15% fetal bovine serum, 2 mM L-glutamine, and antibiotics. Cells were grown to 50% confluency and diluted 1:15 about 6 hr before transfection. Calcium phosphate precipitation was used to transfect cells with a constant amount of DNA. Cells were transfected for 16 to 20 hr in 3% CO 2 . Cells were lysed and luciferase activity was assayed with a Turner Designs TD 20/20 luminometer.
RESULTS AND DISCUSSION
Published reports have shown that the KIX domain of CBP binds to the Tax/CREB/viral CRE ternary complex.
9-12 KIX had the highest affinity for ternary complex composed of full- Tax A length CREB, Tax, and the viral CRE DNA (, 25 nM). The affinity of KIX for ternary complexes containing a deletion mutant of CREB, carrying only the carboxy-terminal bZIP domain, was reduced approximately 10-fold. 10 These data suggest that a region of CREB, located amino terminal from the bZIP domain, may participate in the stable recruitment of the coactivator. To address this question in more detail, we examined the role of amino-terminal CREB sequences in the stability of both ternary and quaternary complex formation by EMSA and equilibrium binding assays.
ROLE OF CREB IN
We generated six CREB mutants ( Fig. 1) with deletions of amino acids that we predicted might affect KIX recruitment, and therefore Tax activation of transcription. To measure the effect of the CREB deletion mutants on protein-protein interactions, we examined ternary and quaternary complex formation in electrophoretic mobility shift assays (EMSAs). As previously shown, 10 full-length CREB promoted the formation of stable ternary and quaternary complexes ( Fig. 2A, lanes 4 and  5 and lanes 33 and 34) . The quaternary complex contains CREB, Tax, and GST-KIX, as determined by SDS-PAGE/immunoblot analysis of the EMSA complexes. 10 CREB deletion mutant D121-125 behaved similarly to full-length CREB in both DNA binding and ternary complex formation ( Fig. 2A,  lanes 6 and 8) . All the other internal CREB deletion mutants variously affected the stability of ternary complexes formed in the presence of Tax (Fig. 2A, lanes 12, 16, 21 , 25, and 29; summarized in Table 1 ). CREB mutants D136-160 and D151-160 formed ternary complexes that appeared to dissociate during electrophoresis ( Fig. 2A, lanes 12 and 16) . These results suggest that internal deletions within CREB weaken the molecular interactions in the CREB/Tax/DNA complex. Since these CREB mutants bind appropriately to DNA (as expected, since the bZIP domain remained intact), the molecular defect likely affected the interaction between CREB and Tax.
Several published studies have shown that stable binding of KIX to the CREB/Tax/DNA complex is dependent on the presence of Tax in the complex. 9, 10 This is evident in Fig. 2A , as the addition of KIX to CREB-DNA complexes (formed with unphosphorylated CREB, in the absence of Tax) did not alter the mobility of the complex (Fig. 2A, lanes 3, 7, 11, 15 , 20, 24, 28, and 32). Since the majority of the internal CREB deletion mutants appeared to destabilize the ternary complex, we were interested in testing whether KIX recruitment was compromised by these proteins. Surprisingly, KIX binding to ternary complexes containing full-length CREB or the CREB deletion mutants was indistinguishable ( Fig. 2A, lanes 4, 8, 12, 16, 21, 25 , 29, and 33). These observations were unexpected, as we hypothesized that destabilization of the interaction between Tax and CREB would result in destabilization of the quaternary complex, as Tax is required for KIX recruitment. Since subtle changes in the KIX affinity for the ternary complexes may not have been detectable in the presence of excess KIX protein, we determined the apparent binding affinity of KIX for each of the ternary complexes formed with the mutant CREB proteins. To perform this experiment, we titrated KIX into binding reactions containing the various CREB deletion mutants. The fraction of quaternary complex formed, versus KIX concentration, was plotted for each CREB deletion mutant, and the concentration of KIX required for half-maximal quaternary complex formation was determined (data not shown). The apparent K D values determined by this method are presented in Table 1 . Interestingly, we observed only modest differences in the apparent binding affinity of KIX for the various mutant CREB-containing ternary complexes. Since CREB appears to be the major anchor that stabilizes the binding of Tax to the protein-DNA complex, it would follow that destabilization of the Tax-CREB interaction (without concomitant destabilization of the CREB-DNA interaction) would result in reduced KIX recruitment. We therefore conclude that reduction in detectable ternary complex formation may not actually reflect full dissociation of Tax from the complex. Consequently, Tax is still sufficiently associated with the CREB-DNA complex to be competent for KIX binding.
To address the effect of the CREB deletion mutants on Tax trans-activation, we performed transient transfection assays. CREB-deficient F9 embryonic teratocarcinoma cells 4 were transiently transfected with a reporter plasmid carrying the Taxresponsive HTLV-1 promoter driving expression of the luciferase gene. As expected, cotransfection of expression plasmids for Tax and full-length CREB dramatically stimulated luciferase activity (Fig. 2B, lanes 1-3) . CREB D121-125 and CREB D57-132 both appeared to behave similarly to wild type (Fig. 2B, lanes 4-6 and 13-15) . Interestingly, most of the other CREB internal deletion mutants appeared to be compromised, either moderately or severely, for both basal expression and Tax trans-activation. It is noteworthy that we did not observe a correlation between the ability of the CREB deletion mutants to participate in ternary complex formation, or recruit KIX to the complexes, with their trans-activation function in vivo. However, we did observe that the CREB deletion mutants lacking sequences within the carboxy-terminal region of KID (amino acids [aa] , 136-160) appeared defective for Tax-dependent transcription function (Fig. 2B, lanes 7-12 and 16-21 ). This correlation was fairly strong, as all CREB constructs missing MICK ET AL. 1600 these sequences were compromised for activated transcription (four of four deletion constructs). The two additional CREB deletion mutants (D121-125 and D57-132) both carried these carboxy-terminal KID sequences, and behaved similarly to fulllength CREB protein in transcriptional activation. Whether these KID domain sequences in CREB directly participate in Tax function, or serve to accentuate CREB transcription function, is not known. In a report by Gonzalez et al., 14 the authors noted a conserved segment located within aa 136-160 that appeared critical for CREB function, and cooperated with protein kinase A (PKA) phosphorylation in mediating CREB transcriptional activity. In summary, we report the construction of a wide variety of internal CREB deletion mutants. Surprisingly, most of these mutants are defective for detectable ternary complex formation with Tax, but fully competent for KIX recruitment in vitro. On the basis of this latter observation, we predicted that these molecules would therefore be fully competent for Tax trans-activation in vivo. We found, however, that a subset of the CREB deletion mutants (carrying deletions within CREB aa 136-160) was strongly compromised for Tax trans-activation. This observation suggests that this region of CREB participates in Tax transcriptional activation in a manner distinct from KIX binding, and the subsequent recruitment of CBP. 15 It is conceivable that these CREB amino acids cooperate with Tax in the direct recruitment of other coactivators, or coactivator-associated proteins (such as P/CAF [16] [17] [18] ).
